Abstract. From April 2005 to April 2006, a phase 2 malaria vaccine trial in Kenya enrolled 400 children aged 12-47 months. Each received mixed supervised and unsupervised artemether-lumefantrine for uncomplicated malaria, using a standard six-dose regimen, by weight. Children were followed for detection of parasitemia and clinical malaria. A median of two negative malaria blood films occurred during every recurrent parasitemia (RP) episode, suggesting reinfection over late recrudescence. Median time to RP after starting artemether-lumefantrine was 37 days (36-38). Of 2,020 evaluable artemether-lumefantrine treatments, there were no RPs in 99% by day 14, 71% by day 28, and 41% by day 42. By World Health Organization standards, 71% of treatment courses had adequate responses. Although recrudescence in some cannot be ruled out, our cohort had a shorter median time to RP compared with other artemether-lumefantrine treatment studies. This underscores patient counseling on completing all treatment doses for optimal protection from RP.
INTRODUCTION
The World Health Organization (WHO) estimates approximately 0.5 billion cases of malaria and over 1 million deaths from malaria around the world annually, with 90% of deaths in sub-Saharan Africa and most of these among children under 5 years old. 1 The fixed-dose combination, artemetherlumefantrine (AL), and the copackaged combination of amodiaquine and artesunate are currently the most widely used artemisinin-based combination therapies (ACTs) in subSaharan African countries for the treatment of uncomplicated malaria. 2 To date, 28 countries have adopted AL as first-line treatment of uncomplicated malaria. 3 In 2004, the Kenyan Ministry of Health proposed that AL be given to all cases of uncomplicated malaria. 4 Since implementation in 2006, this policy has had little evaluation of its effectiveness.
Recently, we prescribed AL as the first-line treatment of all clinical episodes of malaria to young children participating in a separately reported intervention trial. 5 AL was administered in a manner consistent with public-health practices (i.e., the first dose was given in the clinic, and the remainder was given to the parent or guardian for administration at home). However, active and passive case detection for subsequent malaria was intense and prolonged. Mindful of the need for a thorough evaluation, we present data on the use of AL for treatment of Plasmodium falciparum , P. ovale , and P. malariae species and the species-specific risk of recurrent parasitemia (RP).
MATERIALS AND METHODS
Study site. Kombewa Division is a rural area on Lake Victoria about 40 km west of Kisumu in western Kenya. The majority of the population is subsistence farmers living in mud and clay homes with thatched roofs. Malaria is a significant cause of morbidity and mortality in most children in this area. It occurs throughout the year with two peak transmission seasons that coincide with a long and short rainy season. The burden of malaria particularly affects children under 5 years of age, with P. falciparum accounting for over 95% of malaria infections and the documented average monthly parasite prevalence reaching up to 83%. 6 In Kombewa, the total annual entomological inoculation rate (EIR) is as high as 22.0-31.1 infectious bites/person/year. 7 The malaria burden is significant even into the surrounding highlands, with 10.6 infectious bites/ person/year. 8 In keeping with this high malaria transmission, there is a high prevalence of red blood cell polymorphisms associated with protection against malaria.
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Study subjects. From April 2005 to April 2006, 400 children age 12-47 months were enrolled in a study at the Kenya Medical Research Institute (KEMRI)/US Army Medical Research Unit-Kenya (USAMRU-K) Clinical Research Center (CRC) in Kombewa Division, western Kenya. Inclusion criteria for enrollment into this vaccine trial included aged 12-47 months at the day of screening, written informed consent obtained from at least one parent or guardian before the start of the study, and available to participate for the duration of the study. Exclusion criteria included the following items: axillary temperature over 37.5°C, respiratory rate over 50 breaths per minute, serum alanine aminotransferase (ALT) over 50 IU/L , serum creatinine levels over 1.1 mg/dL, hemoglobin under 8.0 g/dL, platelets under 100,000 per mm 3 , and impaired immunity, active disease, or any other condition that may pose as a threat to the child. As a benefit of the study, participants received complete health care from the study clinic. This health care included AL treatment of any uncomplicated, microscopy-proven infection with malaria. Children had to have parasitemia with clinical symptoms to receive treatment of malaria. Asymptomatic, parasitemic patients were not treated with AL until they became symptomatic.
Laboratory evaluation. At the time of screening, venous whole blood was drawn for assay to detect sickle-cell disease or trait, glucose-6-phosphate dehydrogenase (G6PD) deficiency , and alpha-thalassemia.
To obtain hemoglobin typing by high performance liquid chromatography (HPLC) , blood samples for preparation of hemolysates were collected into K 2 ethylenediaminetetraacetic acid (EDTA) anticoagulated tubes (Becton Dickinson Vacutainer, Franklin Lakes, NJ). All specimens were analyzed on the Bio-Rad Variant I cationic-exchange HPLC system using Variant I β-Thalassemia Short Program as recommended by the manufacturer (Bio-Rad Laboratories, Hercules, CA). The DNA was isolated from EDTA blood using QIAamp Study design. The CRC is located in the center of Kombewa Division of Kisumu West District. The study area has field stations, and children were drawn from within a 1-mile radius of each station for easy and rapid access. These 13 field stations were within 10 miles of the CRC throughout the division and were staffed 24 hours/day throughout the study to facilitate medical care.
Children were given the first dose of AL with milk under directly observed treatment. Parents of the children were instructed on how to give the remaining five doses at 8, 24, 36, 48, and 60 hours after the initial dose. Parents were encouraged to administer AL only after a meal. AL was dispensed as a fixed-dose combination tablet (20 mg artemether and 120 mg lumefantrine). Dose was calculated for body weight. One tablet per dose was given for children weighing 5.0-14.9 kg, those children weighing 15.0-24.9 kg received two tablets, and three tablets were given to those children weighing 25.0-35.0 kg. Parents of the children were instructed to return to the CRC for a review visit and repeat malaria blood film (MBF) at 7 days after starting AL treatment or anytime they noted that the children were not improving or had any other abnormality. There was no blood film taken before day 7 unless the child was symptomatic and presented to the clinic. During review visits at 7 days after starting AL treatment, compliance with AL dosing, concomitant drug use, persisting symptoms, and possible adverse side effects were assessed. Rescue treatment with atovaquone-proguanil (AP) was provided if early treatment failure from AL was suspected or confirmed.
After the day 7 follow-up, children were followed with both passive and active detection of parasites during study scheduled home and clinic visits. Because children received all health care from the study clinic, an MBF microscopy could be performed at every presentation (passive detection). Additionally, children received MBFs every 1 month regardless of symptoms (active detection) as per the scheduled study activity. History of fever during any clinic visit or field follow-up led to clinical evaluation and documentation of fever. Transportation to the CRC was provided for all children and their caretakers, for both acute care and scheduled follow-ups, to ensure that they could present to the clinic for all care. Field workers were used to notify children of upcoming visits and coordinate transportation. Follow-up rates for the study were > 90%.
For asymptomatic children getting MBFs as part of active detection, MBFs were air dried overnight and individually stained (no dip wells were used) with a 3% Giemsa solution. MBFs from symptomatic patients were rapidly stained with 10% Giemsa solution so that the clinician could make clinical decisions. Another slide was made with slow drying, and 3% Giemsa was used in confirmation. Each MBF was read by two independent microscopists, each of whom examined 100 oil-immersion fields of the thick film before declaring a slide to be negative. Discrepancies between the two reads (parasite detection, speciation, or parasite density) were finalized by a third expert microscopist. If a child missed a scheduled MBF but was MBF negative at the next blood draw, he or she was considered negative for the entire period for the purposes of this secondary data analysis.
All children with microscopy-proven Plasmodium malaria treated with AL were included in the current analysis to evaluate the effectiveness of this ACT. Any scheduled or unscheduled visit for routine follow-up or symptomatic care provided data points for this analysis. The time to RP (or the risk of RP) was defined as the number of days between taking the first dose of AL and the day of microscopically detecting malaria parasites in the blood film (above 0 per μL) after having at least one negative MBF recorded. The time at risk ended whenever one of the following conditions occurred: RP, loss to follow-up, withdrawal, or end of follow-up period. To eliminate possible drug interaction between antimalarial treatments, time intervals between AL treatments that included any non-AL antimalarial treatment ( N = 33) were excluded from analysis ( Figure 1 ) . Data analysis. WHO guidelines for assessment and monitoring of antimalarial drug efficacy for the treatment of uncomplicated falciparum malaria were used to evaluate the time to RP after starting AL. 16 Each new treatment was considered a new case for analysis purposes; therefore, one patient could afford multiple cases for analysis ( Figure 2 ). Early treatment failure (ETF) was defined as danger signs (i.e., need for hospitalization, inability to tolerate the drug regimen, or other serious adverse events), complicated malaria, or failure to adequately respond to therapy on days 0-3. Late clinical failure (LCF) consisted of danger signs or complicated malaria or fever and parasitemia on days 4-28 without previously meeting criteria for ETF. Late parasitological failure (LPF) was defined as the presence of parasitemia on day 28 and an axillary temperature of < 37.5°C without previously meeting any of the criteria for ETF or LCF. Adequate clinical and parasitological response (ACPR) was defined as the absence of parasitemia on day 28 irrespective of axillary temperature without previously meeting any of the criteria for ETF, LCF, or LPF. 16 Data were entered and analyzed using STATA version 10 software (StataCorp LP, College Station, TX). Cumulative survival, median time to RP, and proportion with RP at 7, 14, 21, 28, and 42 days of follow-up were estimated using the Kaplan-Meier method ( Figure 1 ). Survival curves were estimated for the entire sample and subgroups defined by the presence or absence of sickle-cell trait, alpha-thalassemia, and G6PD deficiency. The significance of the associations between these potential risk factors and the risk of RP was assessed using Cox proportional hazards regression models. The Anderson-Gill counting method was used to account for multiple RP per patient. 17 All reported P values are two-sided without adjustment for multiple testing and were considered statistically significant if below 0.05.
RESULTS

Study flow.
Of the 400 enrollees, 383 completed their entire 12 months. The median number of infections per volunteer was 5.5 symptomatic parasitemias over 12 months. Twentythree percent of the children had seven or more symptomatic parasitemias in 1 year, with some children (2%) being treated with AL every 1 month for 12 consecutive months ( Figure 3 ) .
Overall effect of RP. During the 12-month study period, there were 2,209 AL treatments for uncomplicated malaria among 383 of 400 participants. These treatments were defined as individual cases ( Figure 2 ) . Three of three hundred eighty-three participants had no recordable time to RP for any AL treatment; 365 of 400 participants (91%) completed the 12-month study. Overall, 99% of all episodes had no detectable parasites up to day 14, 71% up to day 28, and 41% up to day 42 after the start of AL treatment. Fifteen episodes (0.7%) had positive MBFs on day 7 follow-up after completing AL treatment. After performing extensive chart review, seven of these were determined to be non-compliant with the regimen. The remaining eight episodes experienced by eight different children met the WHO definition of LCF, and the children were started on rescue AP therapy for AL treatment failure. 16 There were 2,020 (91%) evaluable periods for the time to RP. Each interval encompassed when AL treatment was started, a negative MBF was then recorded, and the interval was completed by a positive MBF ( Figure 2 ). These episodes were spread among 380 participants, all of which had at least one time to RP episode; 28 of these 380 participants had only one time to RP ( Figure 3 ). For all 2,020 calculable times to RP intervals, the median time to RP was 37 days (36-38 days) ( Figure 4 ) . A median of two negative MBFs existed during every RP episode.
Effect of blood dyscrasias on RP. After adjusting for multiple events per volunteer, study children with sicklecell trait showed a tendency to a lower risk of RP (10% lower) compared with children who were sickle-cell negative ( P = 0.095). Overall, episodes involving children with sicklecell trait ( N = 350) had a median time to RP of 42 days (40-45 days) compared with 36 days (35-37 days) for those episodes involving children who were sickle-cell negative ( N = 1,653) . There was no difference in RP between the groups through day 14. As of day 28, 80% of episodes involving children with sickle-cell trait were negative compared with 69% of episodes involving children who were sickle-cell negative. By day 42, 50% of episodes with children with sickle-cell trait were negative compared with 39% of episodes involving children who were sickle-cell negative.
There was no difference in median time to RP for episodes with G6PD-deficient ( N = 239) children versus episodes with non-G6PD ( N = 1,781) children (36 versus 37 days, respectively). Similarly, episodes with heterozygous and homozygous alpha-thalassemia children showed no effect on median time to RP compared with episodes with children with normal alpha-hemoglobin chains ( P = 0.947 and P = 0.465, respectively). Gender status had no effect on time to RP ( P = 0.475). The age of participants had a statistically significant effect on the median time to RP ( P = 0.010), with episodes involving 12-to 24-month-old children having a 15% higher risk of RP compared with the episodes involving 36-to 48-month-old children ( P = 0.041).
Episodes involving children who had malaria at the time of initial screening ( N = 320) had an 18% increased overall risk of RP compared with those episodes involving children who did not have malaria at the time of initial screening ( N = 1,700; P = 0.015). There was no difference in the median time to RP between the groups. At the time of screening, episodes involving children with G6PD or sickle-cell trait had no difference in the risk of RP compared with their counterparts ( P = 0.623 and P = 0.380, respectively). Episodes involving children with heterozygous alpha-thalassemia at the time of screening had significant difference in the risk of RP compared with those episodes involving children with normal alphahemoglobin chains ( P = 0.031). Episodes involving homozygous alpha-thalassemia children had no difference in the risk of RP at the time of screening compared with those episodes involving children with normal alpha-hemoglobin chains ( P = 0.942).
Examining the intervals where a time to RP was calculable ( N = 2,020), of the 311 total episodes with no reported MBF recorded between days 1 and 10, 95% ( N = 296) had at least one subsequent negative MBF between days 11 and 42, and 30% ( N = 90) of these had two or more negative MBFs between day 11 and 42. Comparatively, of the 1,709 total episodes where there was at least one recorded MBF between days 1 and 10, 61% ( N = 1,035) had at least one subsequent negative MBF between days 11 and 42, and 26% ( N = 272) of these had two or more negative MBFs between day 11 and 42.
Effect of P. ovale and Plasmodium malariae monoinfections on RP. Although confounded by surrounding P. falciparum , there were episodes when AL was given as an off-label use to treat P. ovale or P. malariae monoinfections. One hundred percent of AL treatments given for monoinfections with either P. ovale ( N = 21) or P. malariae ( N = 20) had negative MBFs as of day 14. Twenty different children had one P. malariae monoinfection, and P. malariae was present as a mixed infection at the time of retreatment during one episode. Conversely, 3 of 18 different children with P. ovale monoinfections had two P. ovale monoinfections throughout the study. There were six episodes when P. ovale was present at the time of retreatment. Compared with P. falciparum mixed and monoinfections ( N = 1,979), the median time to RP was 40 days (29-48 days) for P. ovale ( P = 0.74) and 52 days (33-139 days) for P. malariae ( P = 0.017) ( Figure 5 ) .
Effect of vaccination status on RP. One possible limitation of this study was whether the 50% of volunteers who were vaccinated with the trial vaccine might have a longer time to RP after AL was used compared with control volunteers who did not receive the trial vaccine. Those who received the trial vaccine had a median time to RP of 37 days (35-39 days) compared with 37 days (35-39 days) for those who did not receive the trial vaccine ( P = 0.192). There was no difference in the median time to RP between those who received vaccine and those who did not receive trial vaccine. In addition, the trial vaccine did not reduce the overall incidence of clinical malaria episodes or malaria infections. 
DISCUSSION
This paper presents an evaluation of a mixed supervised and unsupervised treatment (although largely the latter) course of AL in microscopy proven, symptomatic, uncomplicated malaria in 1-to 4-year-old children from a high-transmission area of western Kenya. The large number of treatments (400 patients with 2,209 treatments) and the intensity of follow-up make these field-effectiveness data in western Kenya the first study of its kind in East Africa to evaluate the important question of time to RP after repeated treatment with AL, and this has great programmatic impact for national malaria-control programs. With multiple (median = 5.5) AL treatment episodes/child/year documenting the time to RP for each participant, confounders such as rainfall or other seasonality changes are less likely to affect the current study's time to RP findings compared with other reported time to RP malaria studies that measure the first and only time to RP at a certain time of year.
In this group, 71% and 41% of children after treatment with AL had no detectable parasites by days 28 and 42, respectively, and this evidence corroborates findings from a study from the neighboring state of Uganda. 18 The Ugandan study confirms that AL does not confer post-treatment prophylaxis, 18 and this is related to the shorter half-life of lumefantrine.
19, 27 Gene mapping was not performed in the current study to distinguish recrudescence from reinfection; however, by the WHO criteria for assessing and monitoring of antimalarial drug efficacy for the treatment of uncomplicated falciparum malaria, 16 this study shows a 71% and 41% programmatic ACPR rate by days 28 and 42, respectively. This shows that, in areas of high transmission, about 30-60% will require a repeat treatment with AL within 4-6 weeks of initial treatment, and this should be factored in drug supplies.
In other similar, tightly controlled efficacy studies of AL using genotyping, at least 96% of the RP after day 28 were caused by new infections. In a study by Bukirwa and others 20 comparing artesunate plus amodiaquine (AS + AQ ) and AL in a hyperendemic malaria region of Uganda with an EIR of 591, 51% of those treated with AL (compared with 29% in our study) and 66% of those treated with amodiaquine plus artesunate had RP within 28 days. Interestingly, genotyping revealed that 99% of episodes of RP at day 28 were caused by new infections. 20 In a trial conducted in a holoendemic region of Congo that compared artesunate plus sulfadaxoine-pyrimethamine (AS + SP), AS + AQ, and AL, the 28-day polymerase chain reaction (PCR)-corrected cure rate was 90% for AS + SP, 98.5% for AS + AQ, and 100% (95.8-100%) for AL. 21 In a holoendemic region of Burkina Faso, Zongo and others 22 showed that amodiaquine plus sulfadoxine-pyrimethamine prevented RP and recurrent symptomatic malaria better than AL ( P = 0.0001 and P = 0.0002, respectively). Nested PCR and restriction-enzyme digestion analysis revealed that 98% of recurrences were caused by new infections for this study. 22 All of these studies have shown that ACTs effectively treat uncomplicated malaria, and the time to RP after starting AL is generally comparable with other ACT therapies.
Pooled non-comparative, multicenter studies of African children have shown the 28-day cure rate for AL effectiveness ranged from 86% to 89% uncorrected and 92% to 96% corrected by PCR for reinfection. 23, 24 Although the current study's non-PCR corrected day 28 cure rate (71%) was not as effective as the previously mentioned non-comparative and comparative studies, it should be noted that the time to RP for all these previously mentioned studies was calculated as the first and only time to RP. The novelty of the current study is that multiple episodes of RP exist for the same participant, with a participant having a median of 5.5 episodes of evaluable RP in this high malaria-transmission area. This study adds to information in the growing body of knowledge on the effectiveness of AL and elucidates a means to account for multiple times to RP for the same participant through the Anderson-Gill counting method. The fact that there is no decrease in the time to subsequent RP shows that AL is effective in clearing parasitemias in RP infections, and a median of two negative MBFs during each time to RP supports that subsequent parasitemias were not caused by parasites resistant to AL but new infections. This may be an indicator that AL, because of the relatively shorter half-life of lumefantrine, is not likely to select resistant parasites rapidly. This finding of high RP rate should be interpreted with caution in reference to choosing a first-line ACT. The short halflife is likely to confer a longer therapeutic life to AL in relation to ACTs with long-life second drug, such as dihydroartemisinin plus piperaquine and artesunate plus mefloquine, 18, 25 in selection for resistance parasites, despite the immediate gain of post-treatment prophylaxis 18 as was seen with SP. 26 In addition, this finding of high RP also underscores the need for patient counseling on completing all treatment doses for optimal protection from RP.
This study has also shown that AL is effective in the treatment of P. malariae in children. The recurrent P. ovale monoinfections raise questions as to whether AL can effectively treat P. ovale . Therefore, AL in combination with a drug like primaquine should be considered for the radical cure of two species of malaria.
Children who had malaria at the time of screening were much more likely to develop RP compared with those who did not have malaria at the time of screening. It could be postulated that these volunteers were from areas with higher transmission and received more infectious bites over the study period. However, there was a detectable difference in the log odds of infection across field stations ( P = 0.001) and a range of median time to RP of 34-42 days. In areas with higher odds of infection, RP was probably from a new infectious bite. This sentiment of reinfection over recrudescence is furthered by the WHO guidelines that the longer the duration of posttreatment follow-up, the greater the chance that reappearance of parasites may be caused by reinfection rather than recrudescence. 16 In this study, we have shown that sickle-cell trait tends to protect from RP after treatment with AL ( P = 0.095), which is in keeping with that it confers protection against malaria and likely gives a false high-efficacy rate of an antimalarial. 26 The reduced risk of RP in older children in this study shows the relatively rapid acquisition of antiparasite immunity in an area of high transmission. This finding should be interpreted with caution in reference to choosing a first-line ACT. The short half-life is likely to confer a longer therapeutic life to AL in relation to ACTs with a long-life second drug, such as dihydroartemisinin/piperaquine and artesunate plus mefloquine, 18, 25 in selection for resistance parasites, despite the immediate gain of post-treatment prophylaxis.
CONCLUSION
AL is an effective treatment of uncomplicated malaria in 1-to 4-year-old children in the hyperendemic areas of western Kenya. In an area of high malaria transmission, parentsupervised AL protects patients for a median time of 37 days until possible RP. Further research should be dedicated to more closely examine the possible role that AL may play in preventing RP for P. ovale and P. malariae . 
